This investigation elucidates a Fresnel lens using a simple approach that is based on a homogeneously aligned liquid crystal (LC) film with a preformed polymer relief pattern. Experimental results demonstrate that the LC Fresnel lens has polarizationdependent and electrically switchable focusing features. The LC lens has the further advantages of a weak operated field ($1:3 V/mm), and high diffraction efficiency ($34%).
Introduction
Numerous Fresnel lenses have been fabricated and examined in recent years. They can be adopted in some fields, including photonics, optical communication, optical imaging and space navigation. [1] [2] [3] [4] [5] Conventional lenses, fabricated by electron-beam writing or thin film deposition, have several disadvantages, such as static focusing and a complex and expensive fabrication process. Switchable Fresnel lenses with dynamic focusing ability, based on liquid crystal (LC) materials are, therefore, extensively studied. [6] [7] [8] [9] In a binary phase LC Fresnel lens, the phase difference between the adjacent odd and even zones is tunable electrically. Maximum diffraction occurs when the phase difference equals an odd multiple of ; no diffraction occurs when it is an even multiple of . Accordingly, the Fresnel lens performs as focusing elements by diffraction. Fan et al. demonstrated a binary LC Fresnel lens based on a phase-separated composite film (PSCOF). 7) The PSCOF is obtained by anisotropic phase separation between LC and polymer. The duration for completion of phase separation is not short ($15 min). Suyama et al. fabricated a nonbinary LC Fresnel lens with a plastic relief pattern. The focal length of the LC lens can be varied electrically by changing the effective refractive index as a result of LC-molecules movement. 9) This work employs an alternative, simple method for producing a binary LC Fresnel lens with a polymer relief pattern. The focusing of the LC Fresnel lens is polarizationdependent and electrically switchable. Additionally, the LC Fresnel lens has the advantages of a low operating field ($1:3 V/mm), and high diffraction efficiency ($34%).
Experimental Procedure
Figures 1(a) and 1(b) schematically depict the method for fabricating an LC Fresnel lens with a polymer relief pattern. The zone-plate photomask is a key component in the experiment; it has transparent odd zones and opaque even zones, as presented in Fig. 2(a) . The used photomask with 80 concentric rings in a diameter of 1 cm was formed by etching a chromium oxide layer using electron beam lithography. The innermost and the nth zones of the photomask have radius R 1 ¼ 500 mm and R n such that R n 2 ¼ nR 1 2 and n is the number of zones. The focal length f in a binary phase Fresnel lens is simply related to the innermost zone radius R 1 when f ¼ R 1 2 = 0 , where 0 is the wavelength of the incident beam. The primary focal length of the lens is f $ 40 cm for 0 ¼ 633 nm. The higher-order Fourier components are such that the Fresnel lens has multiple foci at f , f =3, f =5, and so on. However, most of the incident light is diffracted to the primary focus (first-order diffraction). The diffraction efficiency of these foci is n ¼ sinc 2 ðn=2Þ, n ¼ AE1; AE3; AE5; . . .. The theoretical maximum diffraction efficiency of the primary focus of the binaryphase Fresnel lens is 41%. 10) In Fig. 1(a) , the UV light, originated from an 7.5 W Hg lamp, with an intensity of 4 mW/cm 2 selectively cures the polymer film (NOA81, Norland, n p ¼ 1:56 at 25 C) that is pre-coated over a poly(vinyl alcohol)-indium tin oxide (PVA-ITO) glass substrate through the zone-plate photomask that is described above. The photomask is in contact with the polymer film during the photo-polymerization. The thickness of the polymer film is measured to be $8 mm. In one minute, fully polymerized and nonpolymerized regions are formed in the polymer film. The monomers in the nonpolymerized regions are washed out by immersing the polymer film in the hexane solvent. The polymer relief pattern with concentric rings is then generated over the PVA-ITO glass substrate. The formation of the polymer relief pattern is observed under a polarizing optical microscope (POM) with parallel polarizers in Fig. 2(b) . Subsequently, the LC (E7, Merck, n o ¼ 1:5216, n e ¼ 1:7462 at 25 C) are injected into the empty cell, which is combined with a polymer relief pattern-PVA-ITO and a PVA-ITO glass substrates, to yield the LC Fresnel lens, as shown in Fig. 1(b) . The thickness of the plastic spacer of the cell is 15 mm. The PVA films and the polymer relief pattern are all rubbed in advance in the x-direction to align the LCs. As shown in Fig. 2(c) , the LC molecules in the formed Fresnel lens are confirmed to be aligned well in the x-direction by observation under a POM with crossed polarizers. polarizer is parallel to either the x-or the y-axis. A movable photodiode or a charge-coupled device (CCD) camera (SONY Model SSC-DC50A), linked to a computer, is placed at a distance from the LC Fresnel lens to measure beam intensity profiles or record focusing images, respectively. Figure 4 displays the beam intensity profiles at the focal plane at V ¼ 0, and demonstrates the focusing properties of the LC Fresnel lens. The curve with circles plots a Gaussian profile for the incident light without the LC lens. Other curves with squares and triangles represent the beam profiles of x-and y-polarized lights, respectively, focused through the LC lens. The focusing capacity of the LC lens for y-polarized light exceeds that for x-polarized light. According to Fig. 1(b) , the polarization-dependent focusing effect can be reasonably explained as follows. Through the LC lens, the phase differences of x-and y-polarized lights between the adjacent odd and even zones are, respectively, x ¼ ð2= 0 Þdðn e À n p Þ þ and y ¼ ð2= 0 Þdðn p À n o Þ þ , where n o (n e ) is the principal ordinary (extraordinary) index of refraction of LC and n p is the refractive index of the polymer. 0 and d are the wavelength of the incident light in a vacuum and the film thickness of the polymer relief pattern, respectively. The value of in x or y is determined by the intrinsic path difference between the adjacent odd and even zones in a general Fresnel lens. 11) Substituting n o ¼ 1:521, n e ¼ 1:746, n p ¼ 1:56, 0 ¼ 632:8 nm, and d ¼ 8 mm into x or y , yields the values of x and y as 5:8 and 2, respectively, which correspond to intermediate and completely constructive interference. Therefore, the LC lens has better focusing ability for y-polarized light. The scattering from the boundary between adjacent odd and even zones will also probably weaken the focusing effect for the xpolarized light because of the mismatch between the refractive indices, n e and n p .
Results and Discussion
Figures 5(a) and 5(b) plot the variations in the first-order focusing diffraction efficiency with the applied voltage, for x-and y-polarized lights, respectively. The first-order focusing diffraction efficiency is defined as the ratio of the first-order diffraction intensity and the total transmitted intensity via the LC Fresnel lens. Figure 5(a) indicates that the fluctuation of the focusing effect is marked for xpolarized light, but not for y-polarized light. As the applied voltage increases from 0 to 30 V, the LC director tends to reorient normal to the sample substrates, and the incident xpolarized light undergoes a decline in the phase difference between the adjacent odd and even regions through the lens from 5:8 to 2. This change corresponds to a decrease in a difference of [n eff ðÞ À n p ], between the extraordinary index of LC and the polymer index, where is the angle between the LC director and the z-axis. Notably, the first and second minima (maxima) in the curve in Fig. 5(a) correspond to x ¼ 5 and 3 (4 and 2), respectively, at V ¼ 1:4 and 7.2 V (4.1 and 30 V). However, the incident y-polarized light gains a constant phase difference of y ¼ 2 as the applied voltage increases because of the corresponding constant difference between the ordinary index of LC and the polymer index, which is (n p À n o ). Consequently, the polarization-dependent variation of the first-order focusing diffraction efficiency is predictable. Notably, the maximum diffraction efficiency of the primary focus through the present LC lens is $34%, which is less than the theoretical value of 41% for a general binary-phase Fresnel lens.
10) The discrepancy is possibly caused by the scattering, which occurs at the boundary between the LC and polymer regions in the present LC lens.
A transparent mask of the letter U is placed between the diaphragm and the sample to study the relationship between the imaging and focusing qualities of the LC Fresnel lens and the applied voltage. The CCD camera is placed 25 cm from the sample (15 cm in front of the focal plane). The xpolarized light then passes through the LC lens and the mask. As displayed in Figs. 6(a)-6(c) , the CCD camera records two images of ''U'' with original and reduced sizes, 
Conclusions
This work examines a Fresnel lens based on a liquid crystal film that is coupled with a polymer relief pattern. The focusing characteristics of the LC Fresnel lens depend on the polarization and are electrically switchable. Furthermore, the LC lens has a low operated electric field ($1:3 V/mm) and high diffraction efficiency ($34%). 
